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Abstract
The purpose of this thesis is to validate generator models for dynamic studies of
power systems using PSS/E (Power System Simulator for Engineering), EMTP
(ElectroMagnetic Transient Program), and Hypersim. To thoroughly evaluate
the behavior of a power system in the three specified software packages, it
is necessary to have an accurate model for the power system, especially the
generator which is of interest. The effect of generator modeling on system
response under normal conditions and under faulted conditions is investigated
in this work. A methodology based on sensitivity analysis of generator model
parameters is proposed aiming to homogenize the behavior of the same power
system that is modeled in three software packages. Standard IEEE 14-Bus
system is used as a test case for this investigation. Necessary changes in the
exciter parameters are made using the proposed methodology so that the
system behaves identical across all three software platforms.
Keywords: PSS/E, EMTP, Hypersim, Real-Time Modeling, Generator
Modeling, Exciter Modeling, Exciter Parameters, Sensitivity Analysis, IEEE
14-Bus System, Dynamic Analysis.
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Chapter 1
Problem Statement and Historical
Review
1.1 Introduction
In a power system network consisting of generation, transmission and distribution, synchronous
generators are the major power generating units where as motors are the major loads which
makes the synchronous machine an important element in the power system. In order to have
a more reliable power system and quick response for the faults in the system, more accurate
modeling of the synchronous machine is necessary.
Two groups of investigators developed ways to accurately model a synchronous generator
starting from later part of twentieth century during which there was an increased interest
in modeling of synchronous machines. One group among the two tried to compare the
performance of the synchronous machine models with the measured performance of the
machines with a fault applied on the system. The other group developed an alternate method
of finding the machine parameters which can be used in the models so that the performance
matches the actual measurements.
There are quite different kinds of power system software used by the Engineers but every
software platform has their own limitations. Few software packages only allow the modeling
of the components of the power system such as PSS/E, PSLF, PowerWorld. Few others have
a capability of simulating the transients on a power system such as EMTP, ETAP. There are
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other software platforms where a physical device can be connected to the test system using
the Input-Output devices which interlink the software with the equipment and a real time
study can be performed. The software packages such as Hypersim, RTDS, Opal-RT real time
simulator can perform such kind of real time analysis. When there is a need to study the
system behavior with a hardware connected in the loop with in a laboratory environment, a
real-time simulator is useful which can capture the behavior in micro seconds.
In order to learn the system behavior or the transient analysis to be performed on a
power system with an equipment to be connected such as FACTS devices, relays, e.c.t., an
accurate modeling of both the power system and the equipment to be tested is necessary if
the modeling software is used without which the accuracy in the results can not be achieved.
A question ”Is the model used to study the behavior of the equipment accurate and capture
all the dynamics of the system?” is raised when a model of the equipment is used within
the software package. In order to answer the above question, the test system needs to be
modeled in the desired software packages and the dynamic analysis is performed on the test
system assuming a disturbance in the system, once the dynamic behavior is identical in both
the software packages the equipment is to be connected, at the same time the mathematical
model of the equipment is assumed and a comparative analysis is performed to actually
identify the accuracy of the modeling of the equipment performing the computer analysis.
For performing and analyzing the dynamic behavior of the system at least on dynamic
model of the system needs to be included. There are certain components in the power
system which can be modeled in both steady state and dynamic models such as Transformers,
Transmission Lines, Synchronous Machines, and Loads.
The objective of this thesis is to use the existing capability to model, analyze and predict
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the dynamic behavior of the electric power system, specially synchronous generators. With
the increasing demands on the power systems along with the growth in size and complexity,
this work becomes increasingly important. This thesis analyzes the dynamic and transient
stability of a power system to severe disturbances in the power system. This analysis is
performed in three power system software packages (PSS/E, EMTP and Hypersim) and
the behavior of the generator to specific three phase bus fault is compared and necessary
modifications of the excitation system parameters are made so that the system behaves
similar in the three software packages. This analysis and modifications are helpful for the
selection of approximate parameters of the generator when a set of parameters suitable for
the system in one software package is given.
1.2 Types of Models
There are different types of modeling in a power system. Depending on various situations
and requirements, type of models used for power system study varies [14]. Following gives
some basic idea of different types of models used in studies.
• Steady State Models are phasor based, and useful for power flow and fault studies.
• Dynamic Models are phasor based and used in stability programs to study dynamic
power system phenomena in the time frame longer than about 0.05 seconds. They
consist of a series of power flow solutions with parameters automatically adjusted
between each solution.
• Transient Models are based on instantaneous solutions of power system phenomena
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in time frames much shorter than applicable to stability models. The outputs of these
models are instantaneous values of current and voltage in small time steps (much smaller
than one power frequency cycle).
Dynamic stability can be categorized based on the following considerations:
• Physical nature of the resulting instability.
• Size of considered disturbance. This leads to small-signal and transient stability of the
system.
• Devices, processes, and time span that must be taken into consideration in order to
determine stability.
• The most appropriate method of calculation and prediction of stability.
1.2.1 Application of generator models in stability studies
Power system stability studies are generally conducted for one of the following purposes:
• Power system planning and design: To aid in decisions regarding future transmis-
sion network requirements, equipment specifications, and selection of parameters for
control and protective systems.
• Power system operation: To determine operating limits and determine the need for
arming emergency controls or special protection schemes.
• Post-disturbance analysis: To simulate events following major system disturbances
or blackouts.
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As the present study deals with the selection of parameters of the control blocks, this
research can be categorized under power system planning and design.
1.3 Historical Background
The importance of real time modeling, simulation and analysis of a power system is recognized
by many utilities later when they found that the analysis made with the steady state tests
are not accurate since the power system is reduced to an equivalent lumped impedance
network. [15] Later after the development of EMTP in 1960’s, utilities started using EMTP
in a real time mode for digital power system modeling. The authors in [15] uses three PC’s,
one for receiving the test source, one for recording the data and the other for connecting to
the hardware.
The modeling of the generator control systems including speed governor and excitation
control system with a particular interest in simulation of an existing realistic size AC network
is shown in [3]. As there is no access to the dynamic modeling of the components in all the
power system software in use, it becomes impossible for the user to manipulate the model
or settings. So the author implemented the dynamic modeling of the generator along with
the exciter and the governor in MATLAB and validated the work using PSS/E software
with the similar components and parameters used. A severe fault i.e., a three phase bus
fault is applied on a test system and a subsequent transmission line removal is applied and a
comparative analysis is performed.
Modeling of IEEE 14-bus system in dynamic mode and finding the series of results
associated with stability issues of the base test system and the inclusion of some controllers
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is achieved in [18]. The static and dynamic load margins associated with the test system,
beyond which the system goes to unstable mode is obtained by PV curve analysis and the
eigen values and eigen vectors are found so as to know the ability of the system to maintain
stable operating condition even under large perturbations using the transient stability analysis
module of Power System Toolbox (PST).
The importance of using modern Real-Time Simulators for various studies in general and
voltage stability in particular is discussed and the results showing the patterns of voltage
stable and unstable operating conditions of the 10 bus system are showed and analyzed in [25].
This paper also states that with the increased computing ability, power system planers and
operation planning analyzers may perform ”what if” scenarios for different system conditions
and configurations, with the obvious benefit of increasing system security with the use of
Real-Time Simulator.
[7] shows different ways and proposed a new method to increase the speed of calculations
(fast dynamics) using EMTP simulator without loosing the accuracy. The author used a
differentially extended network which is the combination of the differential network and the
original network for illustrating the work. In this work the author uses the IEEE 14-Bus
System as the test case to simulate the rotor angle oscillations in transient stability studies.
For the validation purposes the system is also simulated using PSCAD/EMTDC, which is a
traditional EMTP type simulator.
The modeling and the transient stability analysis of the IEEE 14 test bus system using
Matlab Power System Toolbox (PST) package is implemented in [17] with a three-phase fault
located at two different locations, to analyze the effect of fault location and critical clearing
time on the system stability. In order to protect overhead transmission line, conductors and
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insulators, it is suggested that the faulted part to be isolated rapidly from the rest of the
system so as to increase stability margin and hence decrease damage.
To analyze the effect of the distance of the fault location and critical clearing time on
the system stability, a three-phase fault has been applied at five different locations in the
IEEE 14-Bus system [13]. The stability of the system has been observed based on the
simulation graphs of terminal voltage, machines rotor angle, machines speed and output
electrical power. This paper presents a transient stability analysis of the test system using
Dynamic Computation for Power Systems (DCPS) software package. The author states that
from the simulation results the tCCT decreases as the fault location becomes closer to the
main generator.
In [5], the dynamic analysis is performed with the variation of the turbine of the wind
generator. This study is similar to the present study with a difference of the fault/variation
in the system creating system dynamics. Simulations use the PSS/E dynamic program,
real power system planning databases and vendor-specific WTG (Wind Turbine Generator)
stability models. Experiments for normal operation and fault conditions have shown that
wind variation can cause WTGs to go into low-frequency oscillations (in particular, with
frequency below the first natural frequency of the mechanical drive train) and/or to trip.
EMTP simulations are performed for validation purposes.
The effect of detailed models of Hydro Turbine on simulation results of power system
analysis is studied in [10]. All these different detailed hydro turbine models are implemented
in power system simulation and the results of all these different models on power system
transient stability analysis and small signal stability analysis are analyzed in the paper and
concludes that the effect of different hydro turbine models is not great during the transient
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stability analysis.
The computer representation of the excitation systems used in modeling of the power
system is shown [22] in which the different types of exciters approved and widely used in the
modeling of a power system are explained with the control block diagrams. The author [22]
states that the type 1 excitation system is representative of the majority of modern systems
now in service and presently being supplied.
The paper [21] focuses on the accuracy of the calculated transients of the synchronous
machines when digital simulations are performed. This paper has attempted to take a closer
look at the assumptions that go into a transient stability study of a large system. While it is
theoretical in nature it does point out some pitfalls and possible improvements. This analysis
points out a possible answer to the question of which machines should be represented in
detail for a study.
The detailed description of all the different types of exciters available in a power system
network including the parameters, definition of the parameters in different models, equivalent
models using control blocks is shown in [1]. The acceptable range for each parameter in all
the types of exciters is shown. This development is made to meet necessary requirements for
the transmission system operators, which exchange data in the areas of system operations,
network planning and integrated electricity markets.
The procedure for performing load rejection tests for salient pole synchronous generator
and sudden short-circuit test for cylindrical rotor synchronous generator and to obtain the
values of the synchronous generator electrical operational parameters which are important
data to perform generator and electrical power system dynamic studies is explained in [24].
Matlab/Simulink/SimPowerSystems software is used for the analysis and simulation to
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provide reliable operational parameters of synchronous generators.
The paper [20] gives the detailed explanation of the procedure to evaluate the dynamic
parameters of the synchronous machine. The paper states that the parameters of the generator
d-axis can be identified with sufficient accuracy when processed according to the voltage
variation where as the data of the stopped generator frequency response test allows identify
the main parameters of the d and q axis and the resistances of the stator and the rotor. The
procedure for identifying those parameters performing the tests is explained.
According to the historical review of the papers, it can be seen that comparing the
transient stability analysis in real time across the steady state dynamic analysis is never
performed. Also evaluating the dynamic parameters of the synchronous generators required
for real time studies by performing the sensitivity analysis on the excitation system is not
developed. This research mainly focuses on the method of finding the parameters of the
synchronous generator by performing the sensitivity analysis and narrowing down the number
of parameters to be tweaked in order to achieve a set of parameter values used for both the
steady state and real time platforms during the performance of transient analysis.
1.3.1 Scope of Work
The aim of the research is to analyze the behavior of the test system with the dynamic model
of the synchronous generator by comparing the system bus voltages when a three phase
bus fault is applied on the system and cleared after certain time using three different power
system modeling and simulation tools. chapter 2 describes the mathematical background of
the components used in the test system of the research. This chapter is considered as the base
9
for the research because a mathematical model is used to predict and analyze the behavior
of any component in a power system network. chapter 3 is considered as the backbone of
the thesis as this chapter explains the main focus of the thesis and describes the complete
methodology developed and used in the research. chapter 4 lists all the components and
their parameters used in the study. This chapter describes the development of IEEE 14-bus
system model.The case study and the results from the test system are presented in chapter 5
followed by conclusions and future works in chapter 6.
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Chapter 2
Mathematical Background
2.1 Introduction
In power systems different types of modeling of the equipment are available based on the
type and requirements. Here a question ”Why an algebraic model is used to describe the
power system in steady state?” is raised. One way of answering this is ”In power system
there are always small load changes, switching actions and other transients occuring so that
in a strict mathematical sense most of the variables are varying with the time. However,
these variations are most of the time so small that an algebraic i.e., not time varying model
of the power system is justified.”
This chapter deals with the general mathematical modeling of all the electrical equipment
used in the test system used for the study.
2.2 Generator Modeling
There are different modeling types of a synchronous generator depending on the requirement
and the type of analysis. The requirement for a synchronous machine consists of the structure
(Round-Rotor or Salient-Pole) and the design (with or without damper windings) of the
11
mechanical part of the machine. In general, a synchronous machine is modeled as a constant
voltage source with an equivalent impedance connected. There used to be complex modeling of
the synchronous generator in the early days. Later on simplified modeling of the synchronous
machine was developed which greatly simplifies the modeling by considering a reference frame
rotating with the rotor. In this analysis, all the voltages and currents of the armature are
converted into two axis. The first set is aligned with the field winding magnetic axis, also
called as the rotor direct axis (d-axis) and the second set is aligned 90 electrical degrees to
the d-axis. This axis is known as the rotor quadrature axis (q-axis). This analysis is often
referred to as the d-q-0 or Park transformation. Figure 2.1 shows the generator rotor circuit
with the modified outputs.
The modified armature voltages and currents are then converted into their pu form and fed
to the excitation system of the generator which controls the voltage output of the generator
when there is a disturbance in the system and the voltage level varies.
By considering a synchronous machine with three-phase armature winding and a cylindrical
rotor which is the one used in this thesis, the flux current relations for this machine can be
written in the form shown in Equation 2.1.

ψa
ψb
ψc
ψfd

=

La Lab Lab Lm cos θ
Lab La Lab Lm cos(θ − 2pi3 )
Lab Lab La Lm cos(θ +
2pi
3
)
Lm cos θ Lm cos(θ − 2pi3 ) Lm cos(θ + 2pi3 ) Lf

×

−ia
−ib
−ic
ifd

(2.1)
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Figure 2.1: Round Rotor Generator(GENROU) Model Block Diagram [3]
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and the voltage equations can be written as shown in Equation 2.2.

va
vb
vc
efd

=

Ra 0 0 0
0 Ra 0 0
0 0 Ra 0
0 0 0 Rfd

×

−ia
−ib
−ic
ifd

+
d
dt

ψa
ψb
ψc
ψfd

(2.2)
Subscripts a, b, c, and fd refer to the three armature phases and the field winding respectively.
The time dependence of the inductance matrix of Equation 2.1 can be clearly seen when one
substitutes the fact that under steady-state operating conditions the rotor angle has the time
dependence
θ = (
Np
2
)ωmt = ωt (2.3)
where ωm is the rotor mechanical angular velocity and ω is the rotor electrical angular velocity.
With S representing a variable to be transformed, the d-q-0 transformation can be written
as 
Sd
Sq
S0
 =
√
2
3

cos θ cos(θ − 2pi
3
) cos(θ + 2pi
3
)
− sin θ − sin(θ − 2pi
3
) − sin(θ + 2pi
3
)
1√
2
1√
2
1√
2
×

Sa
Sb
Sc
 (2.4)

Sa
Sb
Sc
 =
√
2
3

cos θ − sin θ 1√
2
cos(θ − 2pi
3
) − sin(θ − 2pi
3
) 1√
2
cos(θ + 2pi
3
) − sin(θ + 2pi
3
) 1√
2
×

Sd
Sq
S0
 (2.5)
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Applying Equation 2.5 on Equation 2.1 and Equation 2.2 gives

ψd
ψq
ψfd
ψ0

=

La − Lab 0
√
3
2
Lm 0
0 La − Lab 0 0√
3
2
Lm 0 Lf 0
0 0 0 Lal

×

−id
−iq
ifd
−i0

(2.6)
Equation 2.6 can be rewritten as

ψd
ψq
ψfd
ψ0

=

Ld 0 Laf 0
0 Lq 0 0
Laf 0 Lf 0
0 0 0 Lal

×

−id
−iq
ifd
−i0

(2.7)
The voltage equations can be written as
vd = −idRa − (Np
2
)ωmψq +
dψq
dt
(2.8)
vq = −iqRa + (Np
2
)ωmψq +
dψq
dt
(2.9)
efd = ifdRf +
dψfd
dt
(2.10)
v0 = −i0Ra + dψ0
dt
(2.11)
The above equations for the flux and voltages after d-q-0 or park transformation are fed to
the excitation circuit converting them into a pu voltage.
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2.3 Exciter Modeling
The main purpose of the excitation system connected to the synchronous generator in the
power system is to provide the proper field voltage and to maintain the desired active and
reactive power at the generation terminals. The excitation system is also known as the
Automatic Voltage Regulator (AVR) since it regulates the voltage at the terminals of the
generator rapidly when there is a voltage deviation in the system during both normal and
emergency conditions so that there is no drop in the voltage for a long time creating a
blackout in the system. The most commonly used AVR models are those defined by the
IEEE, specially Type-1 exciter model (IEEET1) [23].The differential equations of the IEEE
Type 1 AVR model can be written in a matrix form convenient for the system simulation as
following

V˙R
V˙A
V˙F
V˙r

=

− 1
TR
0 0 0
−KA
TA
− 1
TA
−KA
TA
0
0 KF
TFTE
− 1
TF
−KF (KE+Se)
TFTE
0 1
TE
0 −KE+Se
TE

×

VR
VA
VF
Vr

+

KR
TR
Vt
KA
TA
(Vref +
Vs
KA
)
0
0

(2.12)
where Se = f(Vr) is the exciter saturation function. The synchronous generator field
voltage Efd is related to the excitation voltage Vr by :
Efd = KfVr (2.13)
where Kf =
Lsfd√
3Rfd
is characteristic parameter of the generator (Lsfd: mutual inductance
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between stator and field windings, Rfd: resistance of the field winding). All the variables
must be in the per unit-system. The one per-unit (1 p.u.) generator voltage is defined as
rated voltage. The one per-unit (1 p.u.) exciter output voltage is that voltage required to
produce rated generator voltage on the generator air gap line. Hence in the per-unit system
Efd equals Vr.
2.4 Transformer Modeling
Transformers are the devices which transfers power from one circuit to other and enables
the usage of different voltage levels across the system, also controls the voltage and reactive
power flow [19]. Transformers use the electromagnetic induction process for the transfer of
the electric energy between the circuits.
ᵒ
ᵒ
ᵒ
ᵒ
Zp Zs
ip is͂͂
Xmp
vs͂v͂p
np ns:
     Ideal 
Transformer
P S
Figure 2.2: Equivalent circuit of two-winding transformer
Zp = Rp + jXp; Zs = Rs + jXs
Rp, Rs = primary and secondary winding resistances
Xp, Xs = primary and secondary winding leakage reactances
17
np, ns = number of turns of primary and secondary winding
Xmp = magnetizing reactance referred to the primary side
The per unit equivalent circuit of the transformer with the choice of base quantities
on primary and secondary side is shown in Figure 2.2. Subscript p and s in the figure
represent primary and secondary side of the transformer. From the equivalent circuit with
the magnetizing reactance neglected, we get
v¯p = Zpi¯p +
np
ns
v¯s − np
ns
Zsi¯s (2.14)
v¯s =
ns
np
v¯p − ns
np
Zpi¯p + Zsi¯s (2.15)
Let
Zpo = Zp at nominal primary side tap position
Zso = Zs at nominal secondary side tap position
npo = primary side nominal number of turns
nso = secondary side nominal number of turns
Equation 2.14 and Equation 2.15 are represented in terms of the above nominal values as
v¯p = (
np
npo
)2Zpoi¯p +
np
ns
v¯s − np
ns
(
ns
nso
)2Zsoi¯s (2.16)
v¯s =
ns
np
v¯p − ns
np
(
np
npo
)2Zpoi¯p + (
ns
nso
)2Zsoi¯s (2.17)
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The nominal number of turns related to the base voltages as
npo
nso
=
vpbase
vsbase
vpbase = Zpbaseipbase
vsbase = Zsbaseisbase
Using the above per unit quantities, Equation 2.16 and Equation 2.17 can be modified as
v¯p = n¯
2
pZ¯poi¯p +
n¯p
n¯s
v¯s − n¯2s
n¯p
n¯s
Z¯soi¯s (2.18)
v¯s =
n¯s
n¯p
v¯p − n¯2p
n¯s
n¯p
Z¯poi¯p + n¯
2
sZ¯soi¯s (2.19)
The bar indicates the per unit values.
n¯p =
np
npo
(2.20)
n¯s =
ns
nso
(2.21)
The equivalent circuit representing the above equations is shown in Figure 2.3.
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Figure 2.3: Per unit equivalent circuit
2.5 Transmission Line Modeling
Transmission lines are considered as the carriers of the power from the generating stations
to the load centers. There are different types of transmission lines classified based on
the capability of amount of power transfer, length of the line, the material used for the
construction of the line, e.c.t.,There are four basic elements by which the transmission line is
characterized, they are the series resistance (R), shunt conductance (G), series inductance
(L) and the shunt capacitance (C) of the transmission line.
The voltage and current equations at a distance x from the receiving end of a transposed
distributed parameter line per phase is given as
V¯ =
V¯R + ZcI¯R
2
eγx +
V¯R − ZcI¯R
2
e−γx (2.22)
I¯ =
V¯R/Zc + I¯R
2
eγx − V¯R/Zc − I¯R
2
e−γx (2.23)
20
where
Zc =
√
z/y,
γ =
√
yz = α + jβ
Zc is the characteristic impedance, γ is called the propagation constant, α is the attenuation
constant, and β is the phase constant.
These equations represents the complete description of the performance of the transmission
lines. This thesis considers only the pi-transmission lines, so the equivalent circuit and the pi
equivalent circuit of the transmission lines is discussed.
Equivalent circuit model:
In Equation 2.22 and Equation 2.23, by letting x = l and rearranging, we get
V¯S = V¯R cosh(γl) + ZcI¯R sinh(γl) (2.24)
I¯S = I¯R cosh(γl) +
V¯R
Zc
sinh(γl) (2.25)
The equivalent circuit based on the above equations is drawn as in Figure 2.4. Here S, R
represents the sending and receiving end of the transmission line. From the circuit, sending
end voltage is given as
V¯s = Ze(I¯R +
Ye
2
V¯R) + V¯R (2.26)
Comparing Equation 2.24 and Equation 2.26, we get
Ze = Zc sinh(γl) (2.27)
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◦
◦
◦
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Vs VR
Is IR
Ye
2
Ye
2
S R
Figure 2.4: Equivalent pi transmission line
and
ZeYe
2
+ 1 = cosh(γl)⇒ Ye
2
=
1
Zc
tanh(
γl
2
) (2.28)
If the transmission line is considered negligible i.e., γl  1, Ze and Ye can be approximated
as
Ze = Zc sinh(γl) ≈ Zcγl ≈ zl = Z (2.29)
and
Ye
2
=
1
Zc
tanh(
γl
2
) ≈ 1
Zc
γl
2
≈ γl
2
=
Y
2
(2.30)
2.6 Load Modeling
Load modeling is one of the important part in terms of modeling a power system. Load is
the crucial part in a power system network, this is considered as a base for limiting the power
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generation. There are different types of loads exist in a network, like Industrial, Residential,
Commercial, e.c.t., Each type of load contains different elements such as Induction motors,
Furnaces, Compressors, Refrigerators, Lamps, e.c.t., Not all the loads are constant, there will
be a variation in the load level every hour. As there cannot be any constant load, it becomes
difficult to model a load. In general for planning purposes (load-flow analysis), the load can
be considered as a static load but when the dynamics of the system are included the dynamic
model of the load need to be included.
Static Modeling: A static load model expresses the characteristics of the load at any
instant of time as algebraic functions of the bus voltage magnitude and frequency at that
instant. The active and reactive power components are considered separately. Traditionally,
the voltage dependency of load characteristics has been represented by the exponential model
as
P = PO(V¯ )
a (2.31)
Q = QO(V¯ )
b (2.32)
Here, P and Q are active and reactive components of the load and the voltage V¯ = V
VO
, V
is the magnitude of bus voltage. Subscript o indicates the initial operating condition.
The parameters a and b represents constant power, constant current or constant impedance
for the values 0, 1, or 2 respectively. [19] gives the detailed explanation of the alternate
polynomial model which is used to represent the voltage dependency of loads.
Dynamic Modeling: Studies of internal oscillations, voltage stability and long-term
stability require the modeling of dynamic load models. A composite load model allows the
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representation of the wide range of characteristics exhibited by the various load components.
The load components that require dynamic load modeling includes induction motors, discharge
lamps, thermostat controlled loads, transformer with saturation, shunt capacitors, e.c.t., The
realistic modeling of these loads and the characteristics are described in [19].
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Chapter 3
Main Focus and Contribution
3.1 Introduction
The main focus of the thesis is to compare the performance of a test system in real time
against the steady state dynamic analysis. The steady state dynamic analysis is the usual
practice in any electric utility for planning purposes and never performs a real time study
by which the analysis can not be considered precise for the real time operation. In this
thesis the differences are shown by comparing both the real time and steady state dynamic
analysis. Furthermore, a methodology for equating the dynamic performance of the three
software packages (discussed below) by identifying and adjusting the parameters contributing
to output Overshoot, Ripples, and Settling time is introduced. For the comparison purposes,
the power system software used are
• PSS/E - For Steady State Dynamic Analysis
• Hypersim - For Real Time Analysis
• EMTP - For validation purposes
PSS/E: Power System Simulator for Engineering (PSS/E) is a software tool used for electrical
transmission networks. PSS/E is composed of a comprehensive set of programs for studies of
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power system transmission network and generation performance in both steady-state and
dynamic conditions. PSS/E is a high-performance transmission planning software which
supported the power community with meticulous and comprehensive modeling capabilities
since its introduction in 1976.
EMTP:The ElectroMagnetic Transient Program (EMTP) was originally developed by
Professor Hermann W. Dommel in Germany in the late 1960’s [16]. Since then, EMTP has
been continuously developed through international contributions. In 2003, the Development
Coordination Group (DCG) released a new restructured version, EMTP-RV, developed under
the technical leadership of Hydro-Quebec. It features new and improved functionalities, as
well as state-of-the-art analysis tools.
Hypersim: Hypersim is the only real-time digital simulator with the power to simulate and
analyze very large-scale power systems with more than 2000 three-phase buses. Based on
decades of research by Hydro-Quebec on one of the worlds most complex transmission power
systems, Hypersim is an ever-improving solution with a proven track record. Hypersim is
used every day in extremely demanding situations and is constantly updated to increase
performance, reliability and ease of use. As a result, it is rapidly becoming the new standard
for very large power systems.
3.2 Methodology
The methodology of this thesis is based on performing sensitivity analysis of the transfer
function of the excitation system and identifying the parameters for each of the three dynamic
performances overshoot, oscillation, and settling time. Steady state (or Power Flow Analysis)
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START
STOP
Power System Raw Data
Build Power System Model
            in Software
Assign values to the
         elements
Perform Power Flow 
   Analysis in PSS/E
  Compare the Results with
Hypersim Load Flow Results
Matched??
YES
Modify the parameter
           values
NO
Figure 3.1: Flow chart for performing Steady State Analysis
is to be performed prior to performing the Dynamic simulations on any power system when
the power system software packages are used. The flow charts in Figure 3.1 and Figure 3.2
shows the step-by-step procedure for performing, modifying, and analyzing the Steady State
Analysis and Dynamic Analysis respectively. Following two sections clearly describes the
parameter considerations and the proposed methodology for the IEEE-14 Bus Test System
considered in the thesis.
3.3 Steady State Analysis
The steady state phasor models are used for power flow and fault studies. This type of
studies are performed on networks modeled with pure sinusoidal voltage sources connected
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Figure 3.2: Flow chart for performing Dynamic Analysis
with impedances and loads, all represented at fundamental frequency. During the steady
state analysis, the power system model is considered as a balanced three-phase system with
balanced voltages and balanced loads. As the system is considered balanced, it becomes easy
for the analysis.
The general procedure of performing the steady state analysis as shown in Figure 3.1
is as follows. First the raw data of the voltage sources, loads, transmission lines, shunt
capacitors, transformers of a desired test system is considered as the base for the steady
state analysis. Then the single line diagram of the test system is to be modeled in the power
system software package. After building the model, the previously considered values are
assigned and then load flow analysis is to be performed on the system. If the results from
the steady state analysis matches with the other software package results, stop the procedure
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else the parameters of the network elements are modified accordingly such that the power
flow results like Bus voltage magnitudes, Bus voltage angles, Active power flow, Reactive
power flow matches.
In the thesis, IEEE-14 Bus system is considered as the test system and the test data is
shown in chapter 4. The test data is assigned to the models built in PSS/E, EMTP, and
Hypersim on which the power flow/load flow analysis (Newton Raphson method is used) is
performed. The results obtained from the three software packages is then compared. The
results are shown in chapter 5. In the present case, the steady state analysis results were
matched without any modifications of the parameters.
3.4 Dynamic Analysis
The dynamic analysis models uses a series of solved power flow cases with appropriate
adjustment of the system’s dynamic parameters between each power flow calculation. So the
first step in matching the dynamic response among the three platforms is to add a dynamic
element with its dynamic parameters. For the thesis dynamic generator model is considered
in the test case.
The procedure for the dynamic analysis considers the power flow model of the test case
as the base. A dynamic element on which the analysis is to be performed is added to the
base case. Appropriate parameters are assigned to the dynamic element and the dynamic
analysis is performed where the results are captured and compared with that obtained from
the other software packages. If the results are not quite similar, the parameters are to be
tweaked until the desired match is seen in the results.
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In the thesis, PSS/E analysis is considered as the reference for the results. After matching
the steady state results, the dynamics of a synchronous generator (GENROU) along with the
excitation system (IEEE Type-1) is added to the case under consideration. A three-phase
bus fault is applied on the system to see the response of the generator and the excitation
system. The windowed rms values of the bus voltages at the desired buses are captured
and are overlapped with the one obtained from the other two software packages. A large
difference is observed between PSS/E and EMTP, Hypersim when considered as a package
since EMTP and Hypersim gives similar results. So the parameters of the excitation system
of the generator are tweaked carefully so that the resulting waveform of the desired buses
matches with the one obtained from EMTP, Hypersim.
The details of the generator models, the procedure for tweaking the parameters is discussed
in the following sections.
EMTP and Hypersim can generate voltages even with the static voltage source whereas
PSS/E cannot run dynamics on any network without a dynamic model. Therefore, it is
mandatory to add dynamic models in the test case. Dynamic modeling of a generator is
considered here which includes
• Rotor model
• Excitation system model
• Governor model
• Stabilizer model
As the governor and stabilizer are the mechanical moving parts of the generator and they
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are slow in reacting to the sudden changes (faults) in the system and does not respond
quickly for the electromagnetic transients during faults, the governor and stabilizer models
are ignored. From generator rotor and exciter models, as the excitation system parameters
are tweaked, the procedure for the selection of the parameters to be tweaked, the exciter
transfer function, the sensitivity ranking of the parameters are required for finding the most
sensitive parameter for a small change in the system. This analysis is considered as the most
important part of the thesis as this simplifies the selection of the parameter to be tweaked.
The following section covers the calculation of the transfer function of the exciter, then follows
the sensitivity analysis.
3.4.1 Exciter Transfer Function
The exciter used in this thesis is IEEE Type-1 as shown in Figure 3.3. Transfer function i.e.,
input-output relationship of the excitation system is calculated in the present section for the
detailed study of sensitivity analysis of the system. IEEE Type-1 excitation system is one of
the 63 types of exciters approved by IEEE [9]. However, we have selected IEEE Type-1 to be
compatible with the software used for modeling and simulation of an actual electric utility
topology. The transfer function of the block diagram of Figure 3.3 is calculated as shown in
the following paragraphs. As the control block has more than one input, according to [15]
the transfer function is the algebraic sum of the transfer functions obtained by individual
inputs when the other inputs set to zero. This statement is valid only when the step response
(in S-domain) is to be obtained. As the three inputs for the excitation system in the thesis
are not the same always and are not the step inputs, this analysis is not valid. However the
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step response of the excitation system is also shown and is verified with Matlab Simulink. In
the following calculations, first Ec alone is considered assuming VRef and Vs as zeros and is
followed by VRef and Vs.
Figure 3.3: IEEE Type-1 Exciter Block Diagram [9]
where
TR - Transducer time constant in Seconds
TA - AVR time constant in Seconds
TE - Exciter time constant in Seconds
TF - Field voltage feedback time constant in Seconds
KA - AVR gain in pu
KE - Exciter KE in pu
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KF - Field voltage feedback gain in pu
VRMax - AVR limit max in pu
VRMin - AVR limit min in pu
E1 - Saturation voltage at point 1 in pu
E2 - Saturation voltage at point 2 in pu
S(E1) - Saturation at E1 in pu
S(E2) - Saturation at E2 in pu
Input: Ec
Step-1: Consider the blocks with gain KE and SE of the excitation voltage model. Here
though SE is a saturation function which is not a constant, we consider a value at particular
instant for the calculation of the transfer function and performing sensitivity analysis.
y1 = KE + SE (3.1)
Step-2: Consider the blocks with gain y1 and 1
sTE
.
y2 =
1
sTE
1 + ( 1
sTE
∗ y1)
y2 =
1
sTE
1 + ( 1
sTE
∗ (KE + SE))
y2 =
1
sTE +KE + SE
(3.2)
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Step-3: Consider the blocks with gain y2 and KA
1+sTA
.
y3 =
KA
1 + sTA
∗ 1
sTE +KE + SE
(3.3)
Step-4: Consider the blocks with gain y3 and sKF
1+sTF
.
y4 =
y3
1 + ( sKF
1+sTF
∗ y3)
y4 =
KA ∗ (1 + sTF )
((1 + sTA)(1 + sTF )(sTE +KE + SE)) +KAsKF
(3.4)
Step-5: Consider the blocks with gain y4 and (− 1
1+sTR
).
y5 = (− 1
1 + sTR
) ∗ y4
T.F1 =
−KA ∗ (1 + sTF )
(1 + sTR) ∗ (((1 + sTA)(1 + sTF )(sTE +KE + SE)) +KAsKF ) (3.5)
Input: VRef
The process of the reduction of the block diagram with VRef is the same as with Ec. Repeat
the steps 1 through 4 and the transfer function with VRef is given by Equation 3.6 which is
same as that in Equation 3.4.
T.F2 =
KA ∗ (1 + sTF )
((1 + sTA)(1 + sTF )(sTE +KE + SE) +KAsKF )
(3.6)
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Input: VS
The process of the reduction of the block diagram with VS is the same as with Ec. Repeat
the steps 1 through 4 and the transfer function with VS is given by Equation 3.7 which is
same as that in Equation 3.4.
T.F3 =
KA ∗ (1 + sTF )
((1 + sTA)(1 + sTF )(sTE +KE + SE) +KAsKF )
(3.7)
Therefore, the total transfer function relating input-output of the excitation system
block diagram assuming all the three inputs are the same and has a magnitude one is the
combination of Equation 3.5, Equation 3.6 and Equation 3.7 and is given by Equation 3.8.
G(s) =
Y (s)
U(s)
=
KA ∗ (1 + sTF ) ∗ (1 + 2sTR)
(1 + sTR) ∗ (((1 + sTA)(1 + sTF )(sTE +KE + SE)) +KAsKF ) (3.8)
The overall transfer function shown in Equation 3.8 is verified using Matlab Simulink.
Figure 3.4 and Figure 3.5 shows the actual block diagram of the IEEE Type-1 exciter with all
the inputs set to one and the output respectively. Figure 3.6 and Figure 3.7 are the overall
transfer function obtained in Equation 3.8 with a step input and the output of the transfer
function block respectively. In both the cases, a set of parameters are chosen and from the
results it is clearly seen that both the blocks gives the same output which verifies that the
calculation of the transfer function of the excitation system is accurate.
As discussed earlier in this section, the overall transfer function shown in Equation 3.8 is
not considered for the sensitivity analysis. As the overall transfer function for this exciter
is not known, performing sensitivity analysis on this system is not possible. The definition
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and the clarification on the sensitivity analysis of the particular excitation system is given in
subsection 3.4.2.
Figure 3.4: Transfer function block diagram with three step inputs
3.4.2 Sensitivity Analysis of Excitation System
The sensitivity analysis of a function F(s) with respect to a parameter k can be defined as
the percent change in the function, F(s) to the percent change in the parameter, k. This
analysis basically reveals how sensitive is the gain of the transfer function to the changes of
a particular parameter. The larger the magnitude of the transfer function gain, the more
sensitive is the parameter. The sensitivity function can be written as
S
F (s)
k =
%changeinF (s)
%changeink
S
F (s,k)
k =
∂F (s, k)/F (s, k)
∂k/k
(3.9)
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Figure 3.5: Output of the transfer function block diagram with three step inputs
Figure 3.6: Overall transfer function with a step input
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Figure 3.7: Output of the overall transfer function with a step input
Equation 3.9 can also be written as
S
F (s,k)
k =
∂ lnF (s, k)
∂ ln k
(3.10)
where ln represents the natural log of the variable. From the basics, we know that
F (s, k) =
N(s, k)
D(s, k)
(3.11)
Substituting Equation 3.11 in Equation 3.10 and rearranging, we get
S
F (s,k)
k =
∂ lnN(s, k)
∂ ln k
− ∂ lnD(s, k)
∂ ln k
(3.12)
38
Using Equation 3.10, Equation 3.12 can be rewritten as
S
F (s,k)
k = S
N(s,k)
k − SD(s,k)k (3.13)
In Equation 3.13 if the numerator or the denominator of F(s,k) is not a function of the
parameter k, the corresponding sensitivity in the right hand side of Equation 3.13 will vanish.
Also note that the sensitivity of Equation 3.13 depends on both the frequency s=σ+jω and
the parameter k. To quantify the measure of sensitivity, Equation 3.13 is evaluated at a
specific frequency s = s0 and at the nominal value of the parameter k = k0.
For the closed loop system, Equation 3.13 can be used with the appropriate numerator
and denominator functions. With the feedback function, H(s) 6=0, the transfer function is
written as shown in Equation 3.14
T (s, k) =
G(s, k)
1 +G(s, k)H(s, k)
(3.14)
If there are any poles in the transfer function of Equation 3.14 that gives negative sign
in the sensitivity analysis, that indicates that the gain of the transfer function reduces as
the parameter is increased. However with the increase of this pole, the stability of the
system is increased while reducing the transfer function gain. When a parameter appears
in both numerator and the denominator of the closed-loop transfer function, changing the
parameter may cause a change in the magnitude of the transfer function while at the same
time impacting transient and steady-state response of the system including system stability,
settling time, and steady state error at different operating conditions. There are several
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metrics which may be used to quantify performance of a system in steady-state or while
in transient to a new operating state and they are all based on optimizing a performance
measure corresponding to different design criterion or operating conditions. Often using a
metric for minimizing the steady-state error of a system will cause undesired transients by
introducing a more oscillatory response. So while considering a sensitivity analysis on any
system model with parameters in both numerator and denominator and Equation 3.13 is to
be applied on the system, we may place the parameters into different categories if they are
independent from each other. This would simplify the sensitivity analysis. However if the
parameters are dependent, then we may observe changes in both steady state and transient
response of the system impacting system overshoot, oscillations, and or settling time.
As discussed earlier in this chapter,the transfer function of the exciter considered in this
thesis cannot be written as an input output relation. So the transfer function which has high
impact on the overall control block and in turn on the test system is considered. In this case
the transfer function related to the input EC (Equation 3.5) is considered the most effective
transfer function. Now the sensitivity analysis is applied on this transfer function. Though
this transfer function cannot give the exact ranking of the parameters, they can be grouped
into different categories by comparing the effect of the variation of the parameters obtained
by the software simulations with the calculated sensitivities. There are 7 parameters in the
transfer function (considering saturation function is not present for simplicity) which are
varied one at a time and find both the sensitivity from the calculations and that obtained
from plots. Here EMTP simulations are considered for the sensitivity analysis.
The parameters [22] shown in Table 3.1 are used for finding the sensitivity of the exciter
transfer function.
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Table 3.1: Parameter values for calculating sensitivity
Parameter Value
KA 400
TA 0.05
TE 0.95
KE -0.17
KF 0.04
TF 1.00
TR 0.00
SE 0.00
By varying one parameter at a time and calculating the sensitivity, the ranking of the
parameters is given as shown in Table 3.3. Here all the parameters are varied according
to the range of the parameters shown in obtained from [1]. Hundred values are considered
within the range of the parameter values and out of the hundred different sensitivity ranking,
the rank for a particular parameter occuring highest number of times is considered as its
rank and the resulting parameter rankings are as given in Table 3.3.
Table 3.2: Parameter’s range for the sensitivity analysis
Rank Parameter
1 0 ≤ TR < 0.5
2 10 < KA < 500
3 0 ≤ TA < 1
4 -1 ≤ KE ≤ 1
5 0.04 < TE < 1
6 0 < KF < 0.3
7 0.04 < TF < 1.5
8 5 ≤ TF/KF ≤ 15
From the 100 calculations of sensitivities, both TF and KF shared rank 1 but as TF ranked
1 a little more number of times, it is considered as Rank-1. Though they are considered in
one group. Similarly KA and TE are considered as the second group and KE, TA, and TR
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Table 3.3: Parameter Ranking based on Sensitivity
Rank Parameter
1 TF
2 KF
3 KA
4 TE
5 KE
6 TA
7 TR
are considered in the third group. For the validation of these groupings and the sensitivity
analysis, the simulations are performed in EMTP by varying the parameters of the exciter.
The response of the system voltages to the fault with the variation in the parameters are
captured. These are grouped according to the effect of the variation of the parameter value
on overshoot, oscillations and/or the settling time.
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Figure 3.8: Variation of TF ; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
V_1 [Spreadsheet1] V_1 [Spreadsheet2] V_1 [Spreadsheet3]
7.2 7.6 8 8.4 8.8 9.2 9.6 10 10.4 10.8
Time (s)
0.4
0.6
0.8
1
1.2
 
 
 
 
Vo
lta
ge
 (V
)
V_2 [Spreadsheet1] V_2 [Spreadsheet2] V_2 [Spreadsheet3]
7.2 7.6 8 8.4 8.8 9.2 9.6 10 10.4 10.8
Time (s)
0.4
0.6
0.8
1
1.2
 
 
 
 
Vo
lta
ge
 (V
)
V_3 [Spreadsheet1] V_3 [Spreadsheet2] V_3 [Spreadsheet3]
7.2 7.6 8 8.4 8.8 9.2 9.6 10 10.4 10.8
Time (s)
−0.4
0
0.4
0.8
1.2
 
 
 
 
Vo
lta
ge
 (V
)
[Spreadsheet1] K_F_0.1 − E:\Individual\sowmya\Thesis_04_04_2016_EMTP\EMTP_K_F
[Spreadsheet2] K_F_0.25 − E:\Individual\sowmya\Thesis_04_04_2016_EMTP\EMTP_K_F
[Spreadsheet3] original_K_F_0.04 − E:\Individual\sowmya\Thesis_04_04_2016_EMTP\EMTP_K_F
Printed for p 1
Figure 3.9: Variation of KF ; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
The graphs shown in the Figure 3.8 through Figure 3.14 are the windowed rms voltages
of Bus-1, Bus-2, and Bus-3 with a short circuit fault applied on Bus-3. Three different values
for each parameter are considered and are overlapped one on other in the same plots. By
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Figure 3.10: Variation of KA; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
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Figure 3.11: Variation of TE; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
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Figure 3.12: Variation of KE; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
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Figure 3.13: Variation of TA; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
observing the graphs closely, they are grouped as following.
• TF , KF - Overshoot
• KA, TE - Oscillations
• KE, TA, and TR - Slight Overshoots, Slight Settling time.
From the plots and the grouping, it is clear that the transfer function considered has a high
impact on the system however it is not considered as the overall transfer function of the
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Figure 3.14: Variation of TR; Voltage at
Bus 1, Bus 2, Bus 3 (in pu) with respect
to time
excitation control block. According to the requirement of the research, the ranking is given
to the parameters. For example if the purpose of the study is to reduce the oscillations in the
output voltage, the either one of KA, TE is varied and with trial and error method starting
from the base or reference values, exact values for the parameters are considered. Note that
the reference values also play an important role in performing the sensitivity analysis.
3.4.3 Sensitivity Analysis of an unknown power system model
Power system dynamics may be studied in electromagnetic, electromechanical, or steady state
time frames. While for steady state dynamics we consider 60 Hz dynamics (377 rad/sec),
for electromagnetic or electromechanical dynamics, we need to include transient response
of the system to parameter changes, change in system configuration due to operation and
maintenance requirements, or occurance of undesired faults in the system. It is therefore
unfeasible to perform sensitivity analysis while system is in transient, and one may perform
the analysis using linearized system models in the vicinity of a specific operating condition.
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Due to complex non-linearity of power systems, the sensitivity analysis performed in the
vicinity of an operating condition is only suitable at the specific frequency and at the given
operating conditions. In addition to modeling issues, we encounter difficulties when simulating
power systems which are modeled for different time frames a model which is developed for
capturing electromechanical dynamics is not suitable for study of dynamics appearing in
electromagnetic time frame.
For dynamic analysis of power systems using three software platforms used in PSS/E,
EMTP, and Hypersim; we have shown by simulation that all three platforms produce
identical steady state response while producing erroneous response when electromechanical
or electromagnetic transients appear in the system. Each of these software platforms may use
different model for representing power system components such as generators, transformers,
and transmission lines and may use different numerical integration methods for simulating
the system model. To overcome these difficulties when requiring identical system dynamic
response using these platforms, one needs to tweak parameters in one platform, for example in
the models used in PSS/E, while not altering parameters in the other platforms, for example
in EMTP and in Hypersim and determine the numerical values of the set of parameters
which will cause identical system response when using any of the three platforms. Because
the system model is not known to the user, sensitivity of the system response to parameter
changes is done by observing the system output while changing system parameters of interest
instead of using Equation 3.13. Analytical system model is not known to the user, and hence,
use of Equation 3.13 is unfeasible and we need to seek alternative approaches for performing
system sensitivity.
Alternatively, let us assume that we have found the numerical values of a set of parameters
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which cause identical power system response to exerting specific faults to the system. Staring
from these numerical nominal values, we may tweak the parameters from their nominal values
while observing the system output and identify the parameter or the group of parameters which
have impacts on response overshoot, rise time, oscillations, or settling time by performing
numerous simulations and observing the system response to apply faults at different locations
in the system. Coupling groups of parameters to different system response ”performance
measure” - metrics is useful for real time modeling and simulation when the user does
not have access to the overall system model and different software platforms use different
numerical integration methods.
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Chapter 4
Test System
4.1 Introduction
IEEE 14 Bus System is used as a test system for this thesis. The IEEE 14 Bus Test
System is an equivalent system of a portion of the American Electric Power System (in
the Midwestern US) as of February, 1962. It has 14 buses, 2 synchronous generators, 3
synchronous condensers, 1 shunt capacitor, 3 transformers (2 two-winding, 1 three-winding),
11 loads and 18 transmission lines (considering two-winding equivalent of the three-winding
transformer). Here, for simplicity we considered a two-winding equivalent of the three winding
transformer which is originally in the system. The system’s base voltage is 138 kv with
100 MVA power base. The total load of the system is 254 MW and 73.4 MVar. Bus-1 is
considered as the slack/swing bus. The Test system is as shown in Figure 4.1.
4.2 Bus Data
The voltage in pu and angles in degrees initially set for each bus are as shown in Table 4.1.
100 MVA is used as the base value along with the voltage bases for the pu representation
of the bus voltages. Bus-2 is the PV bus and Bus-1 is considered as the slack bus. All the
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Figure 4.1: IEEE 14 Bus Test System [8]
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remaining buses are considered as the PQ buses.
Table 4.1: Bus Data
Bus Base Voltage (kV) Voltage (pu) Angle (Deg)
1 138 1.06000 0.0000
2 138 1.04500 -4.9826
3 138 1.01000 -12.7250
4 138 1.01767 -10.3128
5 138 1.01951 -8.7738
6 138 1.07000 -14.2209
7 138 1.06152 -13.3596
8 138 1.09000 -13.3596
9 138 1.05593 -14.9385
10 138 1.05099 -15.0972
11 138 1.05691 -14.7906
12 138 1.05591 -15.0755
13 138 1.05038 -15.1562
14 138 1.03553 -16.0336
4.3 Transmission Lines
The transmission lines are of different lengths and made of different materials so they have
different resistance, reactance and susceptance per unit length. The double line between bus-1
and bus-2 is converted to a single line. Table 4.2 shows the transmission line parameters for
all the 17 transmission lines. Transmission lines considered in this thesis are all pi lines.
4.4 Transformer
With the consideration of the equivalent of the three-winding transformer, we have a total of
3 two-winding transformers and the parameters are as shown in Table 4.3.
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Table 4.2: Transmission Line Parameters
Bus Resistance (pu) Reactance (pu) Suceptance (pu)
1 to 2 0.01938 0.05917 0.05280
1 to 5 0.05403 0.22304 0.04920
2 to 3 0.04699 0.19797 0.04380
2 to 4 0.05811 0.17632 0.03400
2 to 5 0.05695 0.17388 0.03460
3 to 4 0.06701 0.17103 0.01280
4 to 5 0.01335 0.04211 0.00000
6 to 11 0.09498 0.19890 0.00000
6 to 12 0.12291 0.25581 0.00000
6 to 13 0.06615 0.13027 0.00000
7 to 8 0.00000 0.17615 0.00000
7 to 9 0.00000 0.11001 0.00000
9 to 10 0.03181 0.08450 0.00000
9 to 14 0.12711 0.27038 0.00000
10 to 11 0.08205 0.19207 0.00000
12 to 13 0.22092 0.19988 0.00000
13 to 14 0.17093 0.34802 0.00000
Table 4.3: Transformer Parameters
Bus Reactance (pu) Ratio (pu)
4 to 7 0.20912 0.978
4 to 9 0.55618 0.969
5 to 6 0.25202 0.932
4.5 Loads
The loads considered in the thesis for steady state are constant PQ loads. The active and
reactive power drawn by the loads are shown in MW and MVar respectively in Table 4.6.
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Table 4.4: Load Parameters
Bus Pload (MW) Qload (MVar)
2 21.700 12.700
3 94.200 19.000
4 47.800 -3.900
5 7.600 1.600
6 11.200 7.500
9 29.500 16.600
10 9.000 5.800
11 3.500 1.800
12 6.100 1.600
13 13.500 5.800
14 14.900 5.000
4.6 Generators and Reactors
There are two synchronous generators and three synchronous condensers in the system as
mentioned earlier. The synchronous condensers are the generators with no active power
generated (Pgen = 0.0 MW) as seen in Table 4.5. Later on these synchronous condensers are
converted into shunt capacitors for easy analysis during dynamic simulations. The generator
connected to bus-1 is the slack generator so it supplies the excess power needed for the system
when the rest of the generators are at their maximum limit. The initial load flow parameters
of the generators are given in Table 4.5.
Table 4.5: Generator Parameters
Bus Base (MVA) PGen (MW) QGen (MVar) QMax (MVar) QMin (MVar) VSch (pu)
1 615 232.392 -16.549 0.000 0.000 1.060
2 60 40.000 43.556 50.000 -40.000 1.045
3 60 0.000 25.075 40.000 0.000 1.010
6 25 0.000 12.730 24.000 -6.000 1.070
8 25 0.000 17.623 24.000 -6.000 1.090
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There is only one shunt reactor in the system. It is a fixed shunt capacitor at bus-9 with
a fixed reactive power generation of 19 MVar.
The above given parameters for the generator are sufficient for performing load flow and
steady state analysis of the system. In order to study the dynamic system (transient and
sub-transient) detailed parameters are to be included and the parameters are as given below.
Table 4.6: Generator (GENROU) Dynamic Parameters
Parameter Value (pu)
T
′
do 4.5000
T
′′
do 0.0350
T
′
qo 0.5000
T
′′
do 0.0500
H 2.5000
D 0.0000
Xd 1.6300
Xq 1.5900
X
′
d 0.3050
X
′
q 0.9360
X
′′
d = X
′′
q 0.2260
XI 0.2000
S(1.0) 0.0000
S(1.2) 0.0000
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Table 4.7: Exciter (IEEET1) Parameters
Parameter Value
TR (sec) 0.0000
KA 400
TA (sec) 0.0500
VRMAX 99.9999
VRMIN -99.9999
KE 1.0000
TE (sec) 0.9500
KF 0.0300
TF (sec) 0.3330
switch 0.0000
E1 0.0000
SEE1 0.0000
E2 0.0000
SE(E2) 0.0000
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Chapter 5
Analysis of Results
5.1 Introduction
Bus voltages, current through the transmission lines are considered as the base for the
comparison of the analysis of the test system across the three platforms. For the dynamic
analysis, 52 µ sec is considered as the time step and the analysis is taken for 20 seconds. The
fault is applied at 8 seconds (480 cycles) and cleared at 8.0833 seconds (485 cycles).
5.2 Modeling of the test case
Figure 5.1,Figure 5.2 and Figure 5.3 are the models built in PSS/E, EMTP, and Hypersim
respectively with synchronous generators for dynamic analysis. For steady state analysis,
ideal voltage sources are used as the generating unit. The test case was modeled in the three
platforms using the GUI (Graphical User Interface) available in the software. For dynamic
analysis, built in exciter control block was not used, instead standard exciter IEEET1 was
modeled using the control blocks and is attached to the existing synchronous generator block.
The exciter block is built using the available control blocks in EMTP and Hypersim as shown
in Figure 5.4 and Figure 5.5 whereas PSS/E has a built in IEEET1 exciter. The test system
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Figure 5.1: IEEE 14 Bus Test System in PSS/E
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Figure 5.2: IEEE 14 Bus Test System in EMTP
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Figure 5.3: IEEE 14 Bus Test System in Hypersim
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along with the dynamic models of the synchronous generators were modeled so that all
three platforms has an identical system. A difference in the bus voltages was observed with
identical parameters after few simulations when dynamic analysis is performed. So the final
test case in PSS/E has slightly different parameters compared to the other two platforms
which is shown in the following sections.
Figure 5.4: IEEE Type-1 Exciter modeled in EMTP
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Figure 5.5: IEEE Type-1 Exciter modeled in Hypersim
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5.3 Steady State Analysis
Table 5.1, Table 5.2 and Table 5.3 shows the comparison tables of the magnitude of bus
voltages, line currents and the transformer currents (both on primary and secondary side)
across PSS/E, EMTP and Hypersim when a load flow analysis is performed. From the tables
it is clear that all the platforms gives the similar output during steady state analysis and
there is no need for the modification of the parameters as discussed in the flow chart for
performing steady state analysis in chapter 3.
A comparative analysis is performed on the results obtained and the differences in the
magnitudes in terms of percentage values are calculated and are as shown below.
Difference (PSS/E and EMTP):
• Bus Voltage Magnitude - 0.0065%
• Bus Voltage Angles - 3.7194%
• Line Current Magnitude - 0.0085%
Difference (PSS/E and HyperSim):
• Bus Voltage Magnitude - 0.0075%
• Bus Voltage Angles - 2.76%
• Line Current Magnitude - 0.1166%
From the comparative analysis of the test system in steady state, the difference in terms
of percentage is negligible and hence it can be concluded that the test system is matched in
the steady state across the three platforms.
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PSS/E EMTP Hypersim
Bus |V | 6 θ |V | 6 θ |V | 6 θ
1 138.00 0.00 138.00 0.00 137.99 0.00
2 138.00 −5.87 138.00 −6.10 138.00 −6.08
3 132.04 −14.40 132.04 −14.94 132.04 −14.85
4 133.12 −11.70 133.12 −12.15 133.11 −12.15
5 133.31 −9.90 133.31 −10.35 133.31 −10.13
6 139.65 −16.00 139.64 −16.67 139.63 −16.20
7 138.87 −15.10 138.86 −15.68 138.86 −15.53
8 143.32 −15.10 143.31 −15.68 143.31 −15.53
9 137.73 −16.80 137.72 −17.53 137.72 −17.55
10 136.99 −17.00 136.97 −17.71 136.97 −17.55
11 137.79 −16.70 137.78 −17.35 137.78 −16.88
12 137.49 −17.00 137.48 −17.66 137.48 −17.55
13 136.80 −17.10 136.78 −17.78 136.78 −17.55
14 134.69 −18.10 134.68 −18.81 134.68 −18.90
Table 5.1: Voltages (kV RMS) compared between PSSE, EMTP, and Hypersim
Line PSS/E EMTP Hypersim
1 to 2 691.5 690.77 690.99
1 to 5 316.3 316.11 315.35
2 to 3 309.3 309.25 310.28
2 to 4 236.9 236.86 237.19
2 to 5 176.3 176.33 178.26
3 to 4 103.7 103.71 104.76
4 to 5 274.9 274.86 274.86
6 to 11 33.3 33.32 33.29
6 to 12 33.8 33.78 33.80
6 to 13 79.1 79.13 79.13
7 to 8 76.6 76.53 76.53
7 to 9 121.7 121.66 121.65
9 to 10 28.8 28.83 28.84
9 to 14 42.8 42.75 42.75
10 to 11 16.9 16.87 16.87
12 to 13 7.4 7.43 7.41
13 to 14 24.7 24.67 24.66
Table 5.2: Currents (A RMS) compared between PSSE, EMTP, and Hypersim
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From and To PSS/E EMTP Hypersim
Buses Primary Secondary Primary Secondary Primary Secondary
4 to 7 127.7 124.9 127.61 124.79 127.59 124.79
4 to 9 69.8 67.6 69.80 67.63 69.77 67.61
5 to 7 198.2 184.8 198.20 184.73 198.25 184.77
Table 5.3: Transformer currents (A RMS) compared between PSSE, EMTP, and Hypersim
5.4 Dynamic Analysis
In this analysis the generator dynamics are considered as the most effective dynamics in the
system so the voltage waveform of the generator buses (Bus-1 and Bus-2) and the bus voltage
where the fault is applied are plotted using the parameters shown in chapter 4. The most
severe fault is applied on the system (three phase bus fault) so that the system is stressed a
lot and the dynamics can be observed clearly. Figure 5.6 shows the bus voltage waveforms
when a short circuit is created at Bus-5 for 5 cycles and then clearing the fault along with
the line tripping between Bus-1 and Bus-5. Figure 5.6 shows the windowed rms values of
the voltages of Bus-1, Bus-2, and Bus-5 from PSS/E, EMTP, and Hypersim overlapped one
on other on the same plot so that the difference between the graphs from different software
platform can be easily identified.
The output voltage waveforms can be divided into three time frames.
1. Pre-fault ⇒ 0µ sec to 2 sec
2. During fault ⇒ 8 sec to 8.0833 sec
3. Post-fault ⇒ 8.0833 sec to 20 sec
1. Pre-fault:
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Figure 5.6: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP and
Hypersim for fault at Bus-5.
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• PSS/E: When dynamics are performed on a system using PSS/E, it will not
experience any transients until a fault or disturbance is applied on the system.
From the output voltage waveform we can clearly see that it starts from the steady
state (load flow) value and will be constant until 8 sec i.e., till the fault is applied.
• EMTP, Hypersim: During the pre-fault time frame it is clear (from Figure 5.6) that
both EMTP and Hypersim experience the initial transients when a synchronous
machine is used in the test system. These transients are considered as the rotor
dynamics and they appear when the machine starts rotating and in general are
considered to remain for a quarter of a cycle when a 60 Hz fundamental frequency
is considered. However these transients starts from the initial conditions and not
the load flow values as that of PSS/E.
Conclusion: From the above analysis, it can be concluded that PSS/E cannot see the
initial transients and hence cannot be used for those which include the detailed study
of the system including the initial transients i.e., µ sec to m sec study.
2. During fault: During fault, the voltage dip from all the three platforms is almost
the same. There is a very minor (about 0.01 - 0.02 pu) difference in the dip across all
the three which is negligible. Hence it can be concluded that all the three software
platforms behave similarly during the faulted condition.
3. Post-fault:
• PSS/E: Immediately after clearing the fault the voltages at the buses are supposed
to retain their steady state voltages whereas from Figure 5.6 it can be seen that
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in PSS/E the voltages are delayed by about 4 seconds to reach the steady state
value (1 pu) and it also has oscillations which is undesirable.
• EMTP, Hypersim: From Figure 5.6 with EMTP, Hypersim the voltage magnitudes
are tracing their steady state voltages after clearing the fault with a minimal
(negligible) overshoot.
Conclusion: From the above discussion of post-fault analysis, it is clear that with
the use of same parameters for the exciter in the three platforms, the response of
the bus voltages is not going to be identical.
From the above analysis of the bus voltages in dynamic analysis, it is clear that there is a
non identical behavior when PSS/E software is used for the same test system with the same
parameters as that in EMTP and Hypersim. PSS/E cannot capture the electromagnetic
responses of the system. To make this identical, the parameters of the excitation system are
tweaked. The sensitivity analysis and the methodology discussed in chapter 3 is used here to
tweak these parameters. Trial and error method is used (as there is no particular sensitivity
ranking as discussed in chapter-3) for choosing good parameter sets for the platforms so that
the dynamic response is identical. The procedure for finding the parameters to be used in
PSS/E to match its response with EMTP and Hypersim is given in subsection 5.4.1.
5.4.1 Procedure for finding the parameters for IEEET-1
Starting from the parameters shown in chapter 4 the parameters are modified according to
the characteristic of the bus voltage to be modified. Here KF and TF are modified together
as the first step and Figure 5.7 shows the plot after the modification. These plots contains
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the bus voltage waveform plots from PSS/E and EMTP overlapped one on other.
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Figure 5.7: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP, and
Hypersim with variation of KF and TF in PSS/E for fault at Bus-5.
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As a next step TE is modified to achieve the plot shown in Figure 5.8.
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Figure 5.8: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP, and
Hypersim with variation of TE in PSS/E for fault at Bus-5.
Now the parameter KE is modified to achieve the plots shown in Figure 5.9.
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Figure 5.9: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP, and
Hypersim with variation of KE in PSS/E for fault at Bus-5.
The parameter KA is now tweaked to achieve the plots shown in Figure 5.10.
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Figure 5.10: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP, and
Hypersim with variation of KA in PSS/E for fault at Bus-5.
The above procedure of tweaking parameters for the excitation system results in the new
set of tweaked parameters to be used in PSS/E are shown in Table 5.4. These parameter sets
gives similar bus voltage variations after a fault is applied.
Figure 5.11 is the result of the test system with short circuit fault at bus-5 with the
tweaked parameters.However Figure 5.11 looks promising, the analysis at buses with shunt
capacitance attached behaves little different in Hypersim as seen in Figure 5.12. As the
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Figure 5.11: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP and
Hypersim for fault at Bus-5.
69
Table 5.4: New IEEET1 Parameters for PSS/E
Parameter Value
TR 0.0
KA 300
TA 0.05
VRMax 99.9999
VRMin -99.9999
KE 0.0
TE 0.10
KF 0.067
TF 1.0
Switch 0.0
E1 0.0
SE(E1) 0.0
E2 0.0
SE(E2) 0.0
main focus of the thesis is the generator dynamics and matching the behavior of the test
system using different platforms, the result of the dynamic behavior of the capacitor is of
least concern where as this could possibly be sorted in the future when more detailed study
of the test system with the dynamics of the shunt capacitors is considered. For the analysis
in present thesis, in order to make the system and its behavior match, the shunt capacitors
attached at Bus-3, Bus-6, and Bus-9 were removed.
The analysis is performed again and found that the voltages at all the buses behaves
approximately the same as other, as an example the analysis of the system with a bus fault
applied at Bus-6 is shown in Figure 5.13. Sample results are shown here in this chapter. The
results of all the bus faults with the removal of shunt capacitors are shown in Appendix.
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Figure 5.12: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-6 from PSS/E, EMTP and
Hypersim for fault at Bus-6.
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Figure 5.13: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-6 from PSS/E, EMTP and
Hypersim for fault at Bus-6 with removal of shunt capacitor.
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Chapter 6
Concluding Remarks and Future
Work
6.1 Conclusion
As stated in chapter 1, the objective of this thesis is to use the existing capability to model,
analyze and predict the dynamic behavior of the electric power system, specially synchronous
generators. With the increasing demands on the power systems along with the growth in
size and complexity, this work becomes increasingly important.We analyzed the dynamic
and transient stability of IEEE 14-Bus system when exposed to severe disturbances in the
system. The analysis was performed in three power system software packages (PSS/E, EMTP
and Hypersim) and the behavior of the generator to specific three phase bus fault was
compared and necessary modifications of the excitation system parameters were successfully
implemented so that the system behavior is similar in the three software platforms. In
summary the following are the main achievements of the research.
• Modeling of the test system is successfully done using PSS/E, EMTP, and Hypersim.
• The steady state analysis are performed on the test system with an ideal voltage source
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used as a voltage generator.
• The results of the steady state analysis were matched among the three software
platforms.
• From the dynamic analysis the variation in the output voltage at the buses in PSS/E is
found.
• The transfer function of the block (exciter) which gives the difference in the output
voltage is calculated and a sensitivity analysis is performed on the transfer function.
• According to the sensitivity analysis and the range, the parameters of the excitation
system are varied so that the system dynamic response captured in all the software
platforms is identical.
• The thesis methodology stated in chapter 3 was used to perform the comparative
analysis by finding and tweaking the most sensitive parameters of the excitation block.
The step by step development of the methodology used for comparing generator output
in the three platforms could be used for performance analysis of other power system
components.
6.2 Continuation of the Work
The following are few works that can be continued starting from the result of this thesis.
• Dynamics of other components than generators may be analyzed by using the proposed
methodology.
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• The dynamics of the shunt capacitor seen after tweaking the parameters of the dynamic
model of the excitation system may be analyzed by replacing the shunt capacitors by
the original synchronous condensers in the IEEE 14-Bus system or by finding a value
for the added capacitors in the system which may be different in Hypersim/EMTP and
PSS/E platforms.
• To achieve the ultimate goal of comparing hardware-in-the-loop simulation of a power
system with the simulation results obtained from simulating the equivalent power system
model; the proposed methodology outlines the steps for achieving the objectives of the
research by only focusing on modeling of the generator. However, the generator model
used in the analysis could be further developed to include electromagnetic transients
of rotor windings, governor, and voltage stabilizer. When fully developed, we have a
fairly accurate dynamic model of the system which may be used in conjunction with
the built-in model of SVC in PSS/E for comparison of physical performance of SVC
replica for hardware-in-the-loop analysis.
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Figure 1: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-3 from PSS/E, EMTP and
Hypersim for fault at Bus-3.
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Figure 2: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-4 from PSS/E, EMTP and
Hypersim for fault at Bus-4.
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Figure 3: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-5 from PSS/E, EMTP and
Hypersim for fault at Bus-5.
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Figure 4: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-6 from PSS/E, EMTP and
Hypersim for fault at Bus-6.
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Figure 5: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-7 from PSS/E, EMTP and
Hypersim for fault at Bus-7.
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Figure 6: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-9 from PSS/E, EMTP and
Hypersim for fault at Bus-9.
85
V1 [Spreadsheet1] V_1 [Spreadsheet2] wrms(Bus1.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
0.8
0.9
1
1.1
V2 [Spreadsheet1] V_2 [Spreadsheet2] wrms(Bus2.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
0.7
0.8
0.9
1
1.1
V10 [Spreadsheet1] V_10 [Spreadsheet2] wrms(Bus10.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
−0.4
0
0.4
0.8
1.2
[Spreadsheet1] bus_10_no_caps_psse − E:\Individual\sowmya\04_20_2016\No_Caps\PSSE\Bus_10_fault
[Spreadsheet2] Bus_10_no_caps_emtp − E:\Individual\sowmya\04_20_2016\No_Caps\EMTP\Bus_10
[Spreadsheet3] Bus_10_no_cap_hyp − E:\Individual\sowmya\04_20_2016\No_Caps\No_caps_hyp
Printed for p 1
Figure 7: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-10 from PSS/E, EMTP and
Hypersim for fault at Bus-10.
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Figure 8: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-11 from PSS/E, EMTP and
Hypersim for fault at Bus-11.
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Figure 9: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-12 from PSS/E, EMTP and
Hypersim for fault at Bus-12.
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Figure 10: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-13 from PSS/E, EMTP and
Hypersim for fault at Bus-13.
89
V1 [Spreadsheet1] V_1 [Spreadsheet2] wrms(Bus1.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
0.8
0.9
1
1.1
V2 [Spreadsheet1] V_2 [Spreadsheet2] wrms(Bus2.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
0.8
0.9
1
1.1
V14 [Spreadsheet1] V_14 [Spreadsheet2] wrms(Bus14.Va,1/60)*sqrt(3)/138000 [Spreadsheet3]
0 2 4 6 8 10 12 14 16 18 20
−0.4
0
0.4
0.8
1.2
[Spreadsheet1] bus_14_no_caps_psse − E:\Individual\sowmya\04_20_2016\No_Caps\PSSE\Bus_14_fault
[Spreadsheet2] Bus_14_no_caps_emtp − E:\Individual\sowmya\04_20_2016\No_Caps\EMTP\Bus_14
[Spreadsheet3] Bus_14_no_cap_hyp − E:\Individual\sowmya\04_20_2016\No_Caps\No_caps_hyp
Printed for p 1
Figure 11: Overlapped voltages (in pu) at Bus-1, Bus-2, Bus-14 from PSS/E, EMTP and
Hypersim for fault at Bus-14.
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